Abstract.-It i s known t h a t the entropy of a l i q u i d metal can be l a r g e l y explained i n terms of atomic packing. W e show t h a t the Percus-Yevick phonon theory
Introduction
A t the B r i s t o l Conference, one of us gave a t a l k [ 1 ' 1 i n which t h e entropies of l i q u i d metals were described i n terms of t h e packing properties of the ions. Such an approach
inevitably focusses primarily on t h e p r i n c i p a l peak of t h e s t r u c t u r e f a c t o r , a ( k ) . From t h i s region of k-space, t h e packing and thereby t h e entropy was deduced.
Afterwards, t h e speaker was reminded by Prof.
March of t h e PY (~e r c u s and Yevick) phonon theory
[ 2 ] which seemed capable of describing successproblem remains of the connection between t h e two methods. The work below i s addressed primarily t o t h i s matter.
2.
The packing method W e f i r s t b r i e f l y review t h e packing method. Suppose we a r e given a measured a ( k ) . 
phonon method would appear t o be mainly concerned Here with much lower k-values than those around the f i r s t peak of a ( k ) . How then can t h e two methods which i s t h e i d e a l gas expression and Sn i s a be reconciled?
I n an attempt t o answer t h i s question, Gray, well-understood 1 8 ] function of t h e packing Yokoym and Young 1 3 ] calculated t h e entropy of l i q u i d sodium using the P Y description. 'hey found t h a t though t h e independent phonon contribution inevitably a r i s e s from t h e lower-k region, a contribution of order 5 -10% arose from phonon-phonon interactions. The l a t t e r involve phonon p a i r s with quite l a r g e wavenumber d i f f e rences and a description of them does indeed involve t h e p r i n c i p a l peak of a ( k ) .
Nevertheless, t h e bulk of t h e entropy s t i l l a r i s e s from t h e independent phonons and the basic f r a c t i o n TI. The term Selec a r i s e s from thermal e x c i t a t i o n of t h e conduction electrons, i s small f o r simple metals, and i s adequately approximated below by i t s Sommerfeld form.
I f , a s suggested above, matching takes place a t t h e f i r s t peak, then t h e subsequent peak heights of the measured a ( k ) a r e overestimated by t h e theory ( f i g . 3 of r e f . [ 1 1. I n other words, t h e e f f e c t i v e diameter obtained from t h e observed f i r s t peak aldne i s a l i t t l e too b i g and t h e entropy i s , therefore, corresponaingly too small.
Nevertheless, t h i s simple procedure leads t o lower
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bounds which a r e reasonably accurate ( f i g . 7 of t h e concluding remarks of sec. 2) thus suggests C1l).
t h a t t h e PY method succeeds whenever t h e packing
.
The PSI 
D
The zeroth order phonon spectrum takes the f0.m C 9 -j and i n t e n s of t h i s ane obtains an entropy cont r i b u t i o n of I n t h i s ex?ression, x = hw ( k ) / k g . :&en phonon interactions a r e introduced, a leading order correction S1 i s obtained ( f o r d e t a i l s , see r e f .
[ 3 and the t o t a l entropy from t h i s point of view reads S(Py) = 30 + S1 + Selec
As Gray e t a l . ' s f i g . 3 shows, an Einstein description i s reasonably appropriate f o r a l l except the lowest k ' s and the l a t t e r , of course, contribute w l t t l low 'weight.
&cause of t h i s weighting, it i s important t h a t t h e s i z e of a ( k )
i s adequately descriSed f o r k kg.
:k s m a r i z e , i n t a b l e 1, some r e s u l t s obtained by the oresent authors using eq. ( 5 ) and measured s t r u c t u r e factors [IS]. The i n t e r e s t reader who r e f e r s t o Gray e t a l . should note gated. Table 1 Entropies ( i n u n i t s of Nk B ) of some l i q u i d metals
4.
Relationship between methods F i r s t , l e t us note t h a t t o high accuracy, t h e summand of eq. ( 4 ) can be expanded f o r small x t o give 1 -En X . I n Pb Eq. ( 7 ) depends on a ( k ) and Q but not e x p l i c i t l y on T or M. I n view of eqs. ( 1 ) Under normal conditions t h e curves a r e close together; f o r exsmple, f o r any given n i n t h e range (0.32, 0.471, which encompasses a l a r g e majority of conceivable applications, t h e t h a t we s e t t h e i r S1 = 0 and so S1 = S1). It difference i s l e s s than 0.4 Mcg.
w i l l be seen t h a t t h e calculated values a r e accurate and t h a t t h e method apparently leads t o
lower bounds. The numerical evidence ( t a b l e 1 and Fig. 1 Excess entropies ( i n u n i t s of versus packing f r a c t i o n , q . Actually, the PY entropy f o r any given case i s r a t h e r higher and, therefore, nearer t o experiment than t h a t obtained by the packing method. To see why, note t h a t a l l systems of t a b l e 1 a r e near t h e i r melting points. It follows t h a t ( i ) we are i n t e r e s t e d i n t h e r i g h t p a r t of f i g . 1 and ( i i ) the measured a ( 0 ) w i l l be lower than t h a t f o r hard spheres f o r any r e a l i s t i c a l l y chosen packing f r a c t i o n [ 1, 4, 5 ] . Let us choose 11, a s i n r e f . [ 1 1, t o y i e l d the observed f i r s t peak height. By ( i ) , we obtain a higher PY than packing entropy. But, by ( i i ) , we expect (and find) t h a t the hard sphere s t r u c t u r e f a c t o r corresponding t o must be lowered a l i t t l e t o match t h e observed a ( k ) a t k 'L ko. A further increase i n entropy i s thereby obtained.
N k~)
It follows from t h e above analysis t h a t i f
A t higher temperatures, t h e l e f t p a r t of f i g .
1 w i l l apply and f o r t h i s reason alone the PY entropy can be expected t o be lower than t h e packing r e s u l t . However, a t s u f f i c i e n t l y high T, the measured a ( k ) r i s e s above t h e hard sphere form a t very low k so it i s not possible t o
. an improved t h e o r y , t h e phonons a r e of E i n s t e i n c h a r a c t e r and t h e p o l a r i z a t i o n i s unimportant.
Under such circumstances t h e s i z e b u t not t h e c h a r a c t e r of t h e h i g h e r f r e q u e n c i e s would be important.
I n t h e p r e s e n t work we have l e f t such matters a s i d e , however. Our aim has been t o c l a r i f y t h e r e l a t i o n s h i p between t h e PY method, i n i t s unmodified form, and t h e packing method and t h i s was achieved i n s e c . 4 . 
